RESERVATION of a patient's motor function is a priority during resection of cerebral tumors. The motor tract is often shifted from its normal position by the lesion. Knowledge of the location of the motor tract in relation to a tumor is important when deciding if surgery is feasible and for maintaining a margin of safety between the resection cavity and functional motor pathways. If the cortical or subcortical motor pathway is damaged during brain surgery, the patient is likely to experience postoperative motor deficit. Brain mapping techniques such as MS imaging, functional MR imaging, transcranial magnetic stimulation, and direct electrocortical stimulations are capable of identifying motor and somatosensory cortices. 7, 13, 36, 39, 40 These procedures are restricted to the gray matter, however, and cannot reveal the subcortical spatial location of the pyramidal tract. Subcortical stimulation mapping can be performed during tumor resection to identify the motor tracts in deep white matter structures, but this technique does not reveal the full 3D extent of the motor tract. 8, 12, 23 This study evaluated the accuracy and validity of a preoperative, noninvasive DT-imaged fiber tracking method to localize the subcortical component of the motor tract.
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Diffusion tensor imaging uses the brownian diffusion of water to noninvasively probe the microstructure of brain tissue. 2, 5, 30 Structures in the brain such as membranes, myelin, and neurofilaments hinder and/or restrict the diffusion of water. 6 Coherently oriented bundles of axons exhibit anisotropic water diffusion; the least restricted diffusion occurs parallel to the axons. Diffusion tensor imaging models the 3D distribution of water diffusion in each voxel of the brain. The principal component of the diffusion tensor is the primary eigenvector, which describes the direction of the least-restricted diffusion. In DT imaging, the assumption is made that the primary eigenvector represents the orientation of axons in white matter and that intervoxel connectivity can be modeled using the primary eigenvector. Fiber tracking using DT imaging follows the primary eigenvector from voxel to voxel to delineate a specific neuronal tract in 3D.
Delineating white matter pathways for neurosurgical planning is one of the most obvious and challenging applications of DT-imaged fiber tracking. 10, [17] [18] [19] 21, 24 Conventional T1-and T2-weighted anatomical MR images used for stereotactic navigation show little or no contrast between white matter structures. In tumor cases with mass effect or edema, it may be difficult to find landmarks such as the internal capsule on traditional MR images. Color maps indicating the direction of the primary eigenvector provide some additional information about white matter structures; however, the pyramidal tract is within a band of parallel pathways in the internal capsule and corona radiata. Thus, using primary eigenvector maps, the motor tract cannot be differentiated from sensory, frontopontine, and other parallel pathways. Yet when information from DT-imaged fiber tracking is integrated with conventional neuroimages, specific white matter structures can be visualized.
In prior studies, DT-imaged fiber tracking has been shown to connect the functionally mapped motor cortex with the midbrain. 10, 17 Validity studies of DT-imaged fiber tracking have been performed using animal models and phantoms, 26, 27 but the accuracy of DT-imaged fiber tracks between the cortex and the midbrain in humans has remained an open question. Subcortical stimulation mapping is the clinical gold standard and the only functional method available for identifying the pyramidal tract in deep white matter structures. 23 Investigators from previous studies have suggested that a discrepancy exists between subcortical stimulations and DT-imaged fiber tracking. 24 Thus, before DT-imaged fiber tracking can be reliably used as an accurate surgical planning tool, the technique's validity must be further quantified with subcortical stimulation mapping. In this study, fiber tracks of the motor tract identified using DT imaging were generated preoperatively and integrated with a surgical navigation system. The DT-imaged fiber tracks were then compared with the location of subcortical motor stimulations and MS imaging sites to measure the validity and accuracy of fiber tracking.
Clinical Material and Methods

Imaging Procedures
Data from nine consecutive adult patients undergoing intraoperative motor mapping using subcortical stimulation were analyzed. Magnetic resonance imaging of the patients was performed 1 day prior to undergoing a craniotomy for resection of a cerebral glioma. The patients consisted of five men and four women with a mean age of 41 years and a variety of tumor grades ( Table 1 ). The MR images were acquired using a 1.5-tesla Signa scanner (General Electric Medical Systems).
The DT imaging was acquired using a single-shot spin echo-echo planar pulse sequence as follows: TR 10,000 msec, TE 100 msec, slice thickness between 2 and 3 mm, no interslice gap, voxel volume between 4.8 and 10.1 mm ) were acquired. Acquisition coverage extended from the cerebral peduncle to the brain vertex. The diffusion tensor, eigenvectors, eigenvalues, and relative anisotropy were calculated as previously described. 3 To correct for patient motion and diffusion gradient eddy current distortions, the diffusion weighted images were aligned to the echo planar volume without diffusion weighting using a 3D, 10th order, nonlinear registration. 44, 45 High-resolution T2-weighted and postcontrast T1-weighted anatomical MR images were also acquired for use with the stereotactic surgical navigation system. The T2-weighted images were acquired with an axial FSE pulse sequence as follows: TR 3 seconds, TE 105 msec, field of view 260 ϫ 195 mm, matrix 256 ϫ 192, and voxel dimensions 1.02 ϫ 1.02 ϫ 1.5 mm with no gap between slices. The T1-weighted images were acquired with an SPGR sequence as follows: TR 34 msec, TE 3 msec, field of view 260 ϫ 195 mm, matrix 256 ϫ 192, and voxel dimensions 1.02 ϫ 1.02 ϫ 1.5 mm with no gap between slices. The FSE and SPGR acquisition coverage included the entire head and 10 fiducial markers attached to the head.
Fiber Tracking Using DT Imaging
Diffusion tensor-imaged fiber tracking of the motor tract was performed using an algorithm based on the Fiber Assignment by Continuous Tracking (FACT) method. 29 Diffusion tensor-imaged fiber tracking software was written in Interactive Data Language (ITT Visual Information Solutions) and run on a SunBlade 2500 workstation (Sun Microsystems). Fiber trajectories follow each voxel's primary eigenvector to delineate a 3D pathway through the brain. Fiber track trajectories were launched from a region drawn in the cerebral peduncle ipsilateral to the brain tumor (Fig.  1A) . Target regions were drawn in the posterior limb of the internal capsule and the precentral gyrus (Fig. 1A) . Diffusion tensor-imaged fiber tracks passing through each of the three drawn regions were retained as pyramidal fiber tracks. The DT imaging b = 0 echo planar volume was registered to the FSE and SPGR image volumes using a 3D affine 12-parameter model fit with a maximum of 50 iterations. 44 The registration between the echo planar volume and high-resolution anatomical volumes was visually checked to ensure alignment of the sulci, ventricles, and brain border within the cerebrum. The resulting transformation was used to overlay a mask of the fiber tracks onto the anatomical FSE and SPGR images ( Fig. 1B and C) . Pixels containing fiber tracks were given intensities 1.5 to 3 times higher than any anatomical feature in the image. This bright white intensity ensured that fiber tracks could be distinguished from T2-lesions, contrast enhancement, and cerebrospinal fluid. The anatomical images with overlaid fiber tracks were loaded onto the StealthStation stereotactic surgical navigation system (Medtronic, Inc.) for use during resection. The surgical navigation system's software was used to register the T1-and T2-weighted anatomical MR images to each other and to the patient's head in the operating room. The total time required between the completion of the MR imaging exam and uploading the images to the surgical navigation system was approximately 1 hour. In one patient, DT-imaged fiber tracking was performed after surgery with the presurgical DT imaging data by a user blinded to the results of the subcortical stimulation.
Magnetic Source Imaging
Magnetic source imaging was performed in seven of the patients to identify somatosensory and motor cortical sites. Somatosensory stimulation involved painless tactile stimulation of the index finger, toes, and lip using a compressed air-driven diaphragm clip (15-20 psi) . Epochs of 500 msec duration with a 100 msec prestimulus interval were collected for 256 trials. For the motor task, subjects performed self-paced unilateral index finger flexion or abduction once every 3 to 4 seconds for a total of 100 to 250 movements. In most patients, we recorded electromyographic responses from the dorsal interosseous or flexor digitorum muscles, and the onset of electromyographic response for each trial was marked. Some patients pressed a finger button which was used to mark the onset of movement.
Magnetic source imaging data obtained during the somatosensory task were averaged time-locked to the stimulus onset. The average somatosensory evoked field was band-pass filtered from 2 to 40 Hz, and the peak corresponding to the earliest response occurring approximately 40 msec following stimulus onset was localized by fitting it to an equivalent current dipole corresponding to the contralateral somatosensory cortex. The localization algorithm used an iterative least-squares minimization to compute the strength and location of a single dipole in a spherical volume of uniform conductivity that could account for the sensory data. Dipole fits were accepted based on a local correlation maximum criterion of 0.95 and goodness-of-fit values greater than 0.95. The dipole parameters indicated the location of the somatosensory cortex.
Subcortical Stimulation
Direct electrical stimulation of subcortical white matter within the resection cavity was performed during the surgical procedure with a 5-mm-wide bipolar electrode producing a 60-Hz square wave with an amplitude between 8 and 12 mA. 9 Points that elicited a motor response were stereotactically identified on the anatomical images, and screen shots from the navigation system were saved. Typically, a specific muscle group's movement was observed such as finger motion or mouth motion. Once a subcortical motor site was found, resection at that location was stopped to preserve functional motor pathways.
After surgery, the screen saves showing the coordinates of stimulation sites were downloaded from the surgical navigation system for analysis. The distance between the stimulation site and the closest in-plane border of the DTimaged fiber tracks was measured.
Results
Fiber Tracking
Diffusion tensor-imaged fiber tracking was successfully performed in each of the nine patients in this study. Figure  1 shows an example of the DT-imaged fiber tracks coursing from the cerebral peduncle, through the internal capsule, and into the precentral gyrus. During surgery, the neurosurgeon could clearly visualize the motor tract in 3D or on any plane through the cerebrum. In no cases did the white voxels representing the DT-imaged fiber tracks interfere with interpretation of the T1-or T2-weighted anatomical MR images.
A total of 16 subcortical motor simulation points were identified, of which eight were face or mouth motor sites, four were upper extremity motor sites, and four were lower extremity motor sites. All stimulation sites were either on the lesion border or within the lesion. In all cases, the DTimaged fiber tracks were outside the resection cavity. The average distance between the stimulation sites and DT-imaged fiber tracks was 8.7 Ϯ 3.1 mm (Ϯ standard deviation). Figure 2 shows an example of an arm motor subcortical stimulation site and the measured distance to the DTimaged fiber tracks. In Figure 3 , the measured distances are grouped into lower extremity, upper extremity, and head motor responses. There was no significant difference between the measured distances among the three motor stimulation groups (p = 0.95, analysis of variance).
Correlation Between MS Imaging and DT-Imaged Fiber Tracks
Functional cortical sites were identified in six patients using MS imaging. In one patient, no MS imaging sites were identified ipsilateral to the lesion. In four of these six patients, the position of the precentral gyrus was minimally or not altered by mass effect from the lesion. Figure 4 shows the juxtaposition of subcortical motor sites, DTimaged fiber tracks, and MS imaging somatosensory sites in one such case. The DT-imaged fiber tracks and motor stimulations are within the precentral gyrus and the MS imaging somatosensory sites are within the postcentral gyrus. In two patients with MS imaging and subcortical stimulation data, the lesion compressed the precentral and postcentral gyri. Figure 5 shows one such case in which the DT-imaged fiber tracks, subcortical stimulation site, MS imaging motor site, and the MS imaging sensory site were all aligned along the posterior margin of the tumor.
Discussion
Functional mapping techniques, such as functional MR imaging and MS imaging, can validate the cortical endpoints of DT-imaged fiber tracks, but provide no information on the location of the connecting white matter. In this study, the MS imaging sites indicated that the DT-imaged fiber tracks were correctly located in the precentral gyrus. Yet the MS imaging could not validate the placement of the motor tract within the internal capsule or centrum semiovale. This study combines MS imaging and subcortical stimulation mapping as complimentary techniques to validate the cortical and subcortical placement of DT-imaged fiber tracks.
In this study, anatomical images fused with bright white overlays of the DT-imaged fiber tracks were loaded onto the surgical navigation system. This grayscale fused-image approach is easy to implement and requires no additional time to load or set up on the surgical navigation system. In no case did the overlaid DT-imaged fiber tracks interfere with interpretation of the underlying anatomical images. pathways besides the motor tract such as sensory or language are requested for surgical use, the grayscale fusedimage approach may not be able to clearly distinguish the multiple pathways, and transparent color overlays of each pathway may be a better approach in this situation.
Electrical current from the bipolar stimulator penetrates tissue surrounding the electrodes, stimulating a volume of tissue; however, the surgical navigation system only identifies a single point associated with the position of the electrodes. No studies could be found in the literature describing the penetration distance of bipolar stimulation current in subcortical white matter. The range of bipolar stimulation on the cortex has been observed to be approximately 5 to 10 mm. 16, 34 Models have also predicted that current density falls with the distance squared within brain tissue. 32, 41 A gap between the stimulation point and the motor tract is expected because resection is halted when a motor subcortical stimulation is found. In this study, an offset between DT-imaged fiber tracks and stimulation sites was observed, which is consistent with the current penetration expected.
Stereotactic localization error and brain shift each contribute to errors in the stereotactic navigation system. A number of studies have examined the inherent technical errors in optical stereotactic localization. The localization error of a frameless optical surgical navigation system with high resolution MR imaging, as used in this study, is typically less than 1.5 mm. 15, 22, 25 Studies have shown brain shift to be highly variable. 15, 31, 33, 37, 38 Brain shift can be inward or outward and is related to many factors including lesion size, gravity, and surgical technique. A recent study used intraoperative MR imaging and DT-imaged fiber tracking to determine a mean outward 2.7-mm shift of white matter pathways. 33 A systematic outward brain shift due to decompression will artifactually increase the measured distance between stimulation sites and DT-imaged fiber tracks. Brain shift and other inherent localization errors contribute to variability in the perceived distance between subcortical stimulation and DT-imaged fiber tracks.
Noise, echo planar distortions, and limitations of the DT model in regions of crossing fibers contribute to errors in the orientation of the primary eigenvector. 1, 20, 26, 28, 42 If the primary eigenvector does not accurately reflect the orientation of axonal bundles, DT-imaged fiber tracking may provide erroneous results. Extraneous fiber tracks outside the motor tract may be produced or the full extent of the motor tract may not be delineated. The three regions-of-interest approach used in this study is expected to constrain the number of extraneous fiber tracks. Regions of crossing fibers in the centrum semiovale prevent DT-imaged fiber tracks from reproducibly delineating tracts from the entire motor cortex. 10 High angular resolution diffusion imaging is an improvement over the DT model and may improve the performance of fiber tracking in complex white matter. It is difficult to separate DT-imaged fiber tracking error from other stereotactic navigation errors and stimulation effects. Figure 6 shows an example in which DT-imaged fiber tracking error can be eliminated as a factor contributing to the gap between subcortical stimulation and fiber tracks. The motor tract is known to not pass through the temporal lobe; however, a motor stimulation site was localized within a temporal lesion. Thus, the 8.5-mm gap between the cerebral peduncle and the stimulation site in this case can be attributed to current penetration, stereotactic errors, and brain shift.
This study provides a clinically relevant analysis of the validity of DT-imaged fiber tracking when used in conjunction with a surgical navigation system. The measured distance between subcortical stimulation and DT-imaged fiber tracks is a combination of all factors encountered when combining DT-imaged fiber tracking with a stereotactic navigation system. The mean distance of 8.7 mm provides a clinically useful guide to the motor tract's location. The 3.1 mm standard deviation of the measured distance is consistent with the known precision of stereotactic localization during resections.
Intraoperative stimulation will remain the gold standard for functional localization; however, DT-imaged fiber tracking can be a valuable complement to invasive subcortical stimulation. DT imaging is noninvasive and increases MR imaging scan time by only a moderate amount. In this study, the DT imaging sequence was acquired in less than 15 minutes using a conventional 1.5-tesla clinical scanner and head coil, and similar quality data can be obtained in less than 10 minutes using 8-channel coils and parallel imaging. Diffusion tensor-imaged fiber tracking requires significant postprocessing resources; however, the process can easily be accomplished in the time between obtaining MR images and performing surgery. Unlike subcortical stimulation, DT-imaged fiber tracking can provide information on the 3D extent of the motor tract prior to surgery. Subcortical stimulation mapping can locate individual points along the motor tract only when the resection has encroached within a small distance of the functional pathway. Prior studies have shown that the incidence of postoperative motor deficit is higher when subcortical stimulation sites are found. 23 When no subcortical stimulation sites are found, the resection cavity is presumably a greater and safer distance from functional motor tracts. DT-imaged fiber tracks can indicate which borders of the lesion are closest to the motor tract and where subcortical stimulation is warranted. If subcortical stimulation is not being used, the results of this study suggest that a safety margin of approximately 1 cm around DT-imaged fiber tracks should be maintained.
Conclusions
This study used subcortical stimulation mapping to measure the accuracy of DT-imaged fiber tracks in deep white matter and MS imaging to confirm the cortical endpoints of the fiber tracks. The measured distance between subcortical stimulation sites and DT-imaged fiber tracks combines tracking technique errors and all errors encountered using stereotactic navigation. The results of this study indicate that DT-imaged fiber tracks can be used to define a safety margin around the motor tract for use in surgical planning. 
